1. Introduction {#sec0001}
===============

Multidrug resistance (MDR) remains a huge obstacle to successful chemotherapy in clinical cancer treatment. Although combination anti-tumor therapy restricts the chance of MDR to some extent, unsatisfactory therapeutic outcomes and side effects due to the different pharmacokinetic profiles of individual therapeutic molecules are the leading cause of combined chemotherapy failure [@bib0001], [@bib0002], [@bib0003].

Drug efflux transporters are some of the most-characterized mechanisms of MDR. Among them, P-glycoprotein (P-gp), belonging to the efflux ATP-binding cassette (ABC) transporters, was recognized as part of a major route for pumping out intracellular chemotherapeutic agents [@bib0003], [@bib0004], [@bib0005]. Accordingly, an increasing number of strategies have been proposed to overcome MDR via evading or inhibiting P-gp to improve the therapeutic index of chemotherapy. For example, combining anticancer drugs with a P-gp inhibitor, such as verapamil [@bib0006], [@bib0007], tetrandrin [@bib0004], [@bib0008], or [d]{.smallcaps}-α-tocopherol polyethylene glycol succinate (TPGS) [@bib0009], [@bib0010] in one drug delivery platform has been used to overcome P-gp-mediated efflux in many preclinical and clinical studies. In our previous work, we demonstrated that TPGS improved the accumulation of paclitaxel (PTX) in drug-resistant tumors compared to Taxol^®^ [@bib0011]. Similarly, some other nonionic surfactants, such as Brij, were shown to increase PTX accumulation in the MDR cell line (H460/taxR cells) and restore therapeutic sensitivity to those cells [@bib0012].

Recently, several researchers revealed that mitochondria-targeted agents/delivery systems could hinder the pumping activity of efflux transporters by depleting intracellular ATP levels and decreasing the mitochondrial membrane potential (MMP, ΔΨm) in cancer cells [@bib0013], [@bib0014], [@bib0015], [@bib0016]. Triphenylphosphonium cation (TPP^+^), mitochondrial homing moiety with high lipophilicity, served as the frequently-used targeted moiety. For example, by attaching TPP^+^ as the mitochondrial homing moiety to α-tocopherol succinate, mito-vitamin E was shown to overcome drug resistance in lung carcinoma [@bib0017]. Furthermore, TPP^+^-modified PTX loaded liposomes exhibited enhanced cytotoxic effects in PTX-resistant human ovarian carcinoma cells and lung carcinoma [@bib0018], [@bib0019]. And doxorubicin (DOX) loaded TPP^+^-functionalized polydopamine nanoparticles was also developed and demonstrated improved potency to overcome MDR when compared to that of the regular formulations [@bib0020]. In another study, DOX was conjugated to TPP^+^ that was selectively taken up by mitochondria and significantly decreased IC~50~ of DOX in MDA-MB-435/DOX cells [@bib0021]. Here, we hypothesized that modification Brij with TPP^+^ to synthesize dual functional copolymer which was equipped with P-gp inhibition effect and mitochondrial targeting delivery would provide synergistic potential for overcoming MDR in PTX. To improve the drug loading capacity, PTX nanocrystals (NCs) stabilized with TPP^+^-modified Brij 98 (B-TPP) were developed and then their therapeutic effects were evaluated*.* The results of this study demonstrated that the mitochondria-targeted PTX NCs exhibited higher efficacy in MCF-7/ADR, a PTX-resistant cell line, and deeper tumor penetration in a model of MCF-7 multicellular spheroids (MCs) and more significant growth inhibition in both MCF-7 MCs and MCF-7/ADR MCs.

2. Materials and methods {#sec0002}
========================

2.1. Materials {#sec0003}
--------------

Brij 98 and coumarin-6 were purchased from Sigma Aldrich (St. Louis, MO, USA). Paclitaxel (PTX) was purchased from Nanjing Jingzhu Biotechnology Co. Ltd. (Nanjing, China). 5-Carboxypentyl triphenylphosphonium (TPP), 1-hydroxybenzotriazole (HOBT), 1-ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI), and 4-dimethylaminopyridine (DMAP) were all obtained from Beijing Ouhe Technology Co. Ltd. (Beijing, China). Tetramethylrhodamine ethyl ester (TMRE) and Mitotracke Red were purchased from Yeasenpharma Co. Ltd. (Shanghai, China). Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Melonepharma Co. Ltd. (Dalian, China). DMEM and RPMI 1640 were purchased from Gibco BRL (Gaithersburg, USA). Fetal bovine serum was obtained from Gemini (California, USA). Penicillin and streptomycin were purchased from Melonepharma Co. Ltd. (Dalian, China). MCF-7 cells and MCF-7/ADR were provided by the cell bank of Chinese Academy of Sciences (Beijing, China).

2.2. Synthesis and characterization of B-TPP {#sec0004}
--------------------------------------------

The TPP^+^ moiety was linked to Brij 98 via an esterified linker. In brief, TPP (1 mmol), EDCI (2.5 mmol), HOBT (2.5 mmol) and DMAP (6.5 mmol) were co-dissolved in DMSO (12 ml). Then 3-ml of Brij 98 solution (0.2 mmol in DMSO) was added to the mixture, which was stirred under nitrogen protection for 24 h at room temperature. The crude product was transferred to regenerated cellulose dialysis tubing (molecular weight cut-off point, MWCO 1000 Da) against distilled water for 48 h, followed by membrane filtration (0.45 µm). The lyophilized power was obtained for subsequent preparation of NCs. TPP^+^-modified Brij 98 (B-TPP) was identified and characterized using nuclear magnetic resonance spectroscopy (400 MHz ^1^H NMR, Bruker Corporation, Switzerland) and a Fourier transform infrared spectrometer (FTIR, Bruker Corporation, Switzerland).

2.3. Preparation and characterization of non-targeted and targeted PTX NCs {#sec0005}
--------------------------------------------------------------------------

The PTX NCs were prepared as previously reported [@bib0022]. Briefly, PTX and Brij 98 were dissolved in ethanol at mass ratios of 1: 5 for non-targeted PTX NCs (named 0%B-TPP/PTX NCs). For targeted PTX NCs, 30% and 50% (mole present) of Brij 98 were replaced with B-TPP (named 30%B-TPP/PTX NCs and 50%B-TPP/PTX NCs, respectively). Afterwards, each mixture was co-precipitated by evaporating ethanol. Water was then allowed to add and hydrate the precipitate for 40 min. The resultant suspensions were sonicated for 10 min in a bath-type sonication to disperse the NCs. For the fluorescence-labeled NCs, coumarin-6 (co-precipitated with PTX at a mass ratio of 1:63) was integrated in the NCs in accordance with a similar process for preparing hybrid NCs.

The particle sizes, polydispersity indexes (PDI) and zeta potential values of PTX NCs were measured using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, Worcestershire, U.K.). The morphology of the obtained NCs was observed using a transmission electron microscope (TEM, JEM2100, JEOL, Japan).

2.4. Drug content assay and releasing behavior {#sec0006}
----------------------------------------------

The release behavior of PTX from the NCs was evaluated in the dialysis tubes (MWCO 10,000 Da) against PBS with pH 5.0, 6.5 or 7.4 with 0.5% SDS at 37 °C. At predetermined time intervals, 1 ml of the release medium was taken out and replaced with fresh medium. The release medium was then analyzed by HPLC system with a UV detector (Hitachi Limited. Tokyo, Japan). The analysis was performed on an ODS column (Inertsil ODS-SP C18 column, 150 mm × 4.6 mm, 5.0 µm, GL Sciences Inc., Japan) at 30 °C. The mobile phase consisted of acetonitrile and water (45: 55, v/v). Flow rate was 1.0 ml/min and the detection wavelength was set at 227 nm.

2.5. Cell culture {#sec0007}
-----------------

The human breast adenocarcinoma cell lines MCF-7 and MCF-7/ADR were grown in DMEM medium and RPMI 1640 medium, respectively [@bib0023], [@bib0024]. The culture medium was supplemented with 10% fetal bovine serum (FBS) and antibiotics (1% penicillin-streptomycin, v/v). They were cultured in a humidified incubator with 5% CO~2~ at 37 °C. The medium was replaced every other day.

2.6. Confocal microscopy {#sec0008}
------------------------

MCF-7 cells or MCF-7/ADR cells were seeded in 12-well plates with 1.5 × 10^5^ cells per well and cultured for 24 h. For co-localization of the tested formulations and mitochondria, the cells were treated with coumarin-6-labeled 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs or 50%B-TPP/PTX NCs for 1, 4 or 12 h. Then the cells were washed with PBS and incubated with Mitotracker Red (35 nM) for 30 min. After staining, the cells were washed with PBS three times and fixed with 4% paraformaldehyde for 15 min at 37 °C. The cells were observed using a confocal C2-si laser scanning microscope (CLSM, Nikon C2 Plus, Japan). Images were then analyzed by Image-Pro Plus and the Pearson\'s correlation coefficient (***R***) was used to evaluate mitochondrial co-localization.

2.7. Cytotoxicity {#sec0009}
-----------------

MCF-7 cells or MCF-7/ADR cells were seeded at a density of 3000 cells/well into 96-well culture plates and cultured for 24 h under 5% CO~2~ at 37 °C. The cells were then treated with various concentrations of the tested formulations. After incubated for another 24 h, the cells were washed with PBS and 10 µl of MTT solution (0.5 mg/ml in PBS solution) was added into each well. After 4 h, the supernatant in each well was removed and 150 µl of DMSO was added to dissolve the formed violet crystals. The UV absorbance at 570 nm was recorded using an ELISA microplate reader (Thermo Scientific Varioskan Flash, USA). The relative cell viability was normalized to that of untreated MCF-7 or MCF-7/ADR cells in the complete culture media. The experiments were repeated 3 times for statistical analysis.

2.8. Mitochondrial membrane potential {#sec0010}
-------------------------------------

MCF-7 and MCF-7/ADR cells were seeded in a 96-well plates with 1 × 10^4^ cells each well. After incubated for 24 h, the cells were treated with 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs, 50%B-TPP/PTX NCs and free PTX (at the equal dose of 0.5 µg/ml for MCF-7 cells and 5 µg/ml for MCF-7/ADR cells) for another 24 h. The cells were then washed with PBS, and TMRE (200 nM) was added into each well cultured for an additional 20 min. After washing twice with cold PBS, the fluorescence intensity of TMRE was measured by a microplate reader at the wavelength of Ex/Em = 547/575 nm. The MCF-7 or MCF-7/ADR cells were treated with FCCP (uncoupler, 20 µM) as the positive control.

2.9. Growing of MCF-7 and MCF-7/ADR multicellular spheroids (MCs) {#sec0011}
-----------------------------------------------------------------

3D MCF-7 and MCF-7/ADR MCs were produced using the classical hanging-drop method [@bib0025]. Briefly, the single-cell suspensions were adjusted to the appropriate concentration using culture media and mixed with methyl cellulose (0.48%, w/v) at the volume ratio of 1:1. After homogeneous mixing, 15 µl of the cell suspension was pipetted onto the lid of a U-bottomed 96-well plate, and then the lid was inverted. After sedimentation for 24 h, the plates were centrifuged at 1000 *g* for 5 min, followed by incubation at 37 °C with 5% CO~2~ for 3 d.

2.10. Imaging of PTX NCs distribution in MCF-7 MCs {#sec0012}
--------------------------------------------------

For imaging the PTX NCs distribution, the 3-d MCF-7 MCs were exposed to coumarin-6-labeled non-targeted and targeted PTX NCs at equivalent fluorescence intensity. After co-incubation for 2 h, the treated MCs were washed with PBS before imaging. The MCF-7 MCs were observed using a confocal laser scanning microscope.

2.11. MCF-7 and MCF-7/ADR MCs growth inhibition {#sec0013}
-----------------------------------------------

The anticancer effect of NCs was finally analyzed via a growth inhibition assay on MCF-7 and MCF-7/ADR MCs. The MCs were incubated with non-targeted, targeted PTX NCs or free PTX for 5 d, respectively. The morphology of the treated MCs was observed using an inverted fluorescence microscope (Olympus IX71, Japan) and the diameters of the MCs were measured every other day as an indication of MCs proliferation evaluation. The untreated MCs were used as controls.

2.12. Statistical analysis {#sec0014}
--------------------------

The data from all experiments in the present study were expressed as the mean ± standard deviation (SD). Statistical analysis was conducted using the two-tailed unpaired t test for the comparison between two groups. A one-way ANOVA were performed for three or more experimental groups followed by the Tukey multiple comparison tests using Graph Pad Prism. *P* \< 0.05 were considered statistically significant (\*), *P* \< 0.01 were considered highly significant (^⁎⁎^) and *P* \< 0.001 were considered extremely significant (^⁎⁎⁎^), respectively.

3. Results and discussion {#sec0015}
=========================

3.1. Synthesis and characterization of B-TPP {#sec0016}
--------------------------------------------

As depicted in [Scheme 1](#fig0001){ref-type="fig"}, carbodiimide chemistry was used to covalently conjugate TPP to Brij 98. The formation of the conjugate was confirmed using FT-IR ([Fig. 1](#fig0002){ref-type="fig"}A) and ^1^H NMR ([Fig. 1](#fig0002){ref-type="fig"}B) spectroscopy. The comparison of the FT-IR spectra for TPP, Brij 98 and B-TPP conjugate showed specific peaks at 1705, 1630--1640 and 750--690 cm^−1^, corresponding to the carbonyl (C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O) of TPP, the double bond (CC) of Brij 98 and the phenyl ring (--ArH) of TPP, respectively. The characteristic peak of the carbonyl bond (CO) in B-TPP shifted from 1705 cm^−1^ to 1730 cm^−1^ coupled with a strong typical peak of C---O---C asymmetrical stretching peak at 1112.4 cm^−1^, indicating that Brij 98 and TPP were linked by an ester bond. As shown in the ^1^H NMR spectrum, the appearance of signals at 7.7--7.9 ppm and ∼3.5 ppm in B-TPP were attributed to the proton in the phenyl ring in TPP and PEG in Brij 98 respectively, indicating the formation of a conjugate. Furthermore, the conjugation efficiency was estimated at ∼70% by comparing the integrals of aromatic signal at 7.7--7.9 ppm.Scheme 1.Schematic diagram of (A) synthesis of B-TPP and the preparation of paclitaxel nanocrystals (PTX NCs). B-TPP was synthesized through esterification reaction. Then B-TPP/PTX NCs was prepared for mitochondrial targeting strategy.Fig sch1Fig. 1Spectrum of (A) FIIR and (B) 1H-NMR for Brij 98, TPP and B-TPP. (A) FTIR spectrum of TPP (KBr, cm^-1^): υ(CO) 1705.8, υ(P--Ar) 1437.0, γ(Ar--H) 746.3 and 691.7; FTIR spectrum of Brij 98, (KBr, cm^-1^): υ(CC) 1640.8, υ(C---O--C) 1113.8; FTIR spectrum of B-TPP, (KBr, cm^-1^): υ(CO) 1729.0, υ(CC) 1631.5, υ(P--Ar) 1439.9, υ(C---O--C) 1112.4, γ(Ar--H) 751.1 and 694.7. (B) 1HNMR (CDCl3, 400 MHz): δ 7.9--7.7(15H, m, Ar--H), ∼3.5 (82H, t, O---CH~2~), 0.88(3H, t,-CH~3~) ppm.Fig 1

3.2. Preparation and characterization of PTX NCs {#sec0017}
------------------------------------------------

PTX NCs were prepared using Brij 98 or B-TPP as the stabilizers. [Table 1](#tbl0001){ref-type="table"} lists the average particle sizes, polydispersity index (PDI) and zeta potential values of 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs and 50%B-TPP/PTX NCs determined by dynamic light scattering analysis. The mean particle sizes of various PTX NCs ranged from 176.1 to 199.8 nm with narrow size distributions (PDI: ∼0.2). After TPP^+^ modification, the zeta potential of PTX NCs shifted from −6.80 ± 0.14 mV (0%B-TPP/PTX NCs) to 20.14 ± 0.04 mV (30%B-TPP/PTX NCs) and 27.33 ± 0.04 mV (50%B-TPP/PTX NCs), respectively. [Fig. 2](#fig0003){ref-type="fig"} illustrates the morphology of PTX NCs observed by TEM. All resulting NCs exhibited a rod-shape with mean length of ∼380 nm and mean diameter of ∼40 nm.Table 1.Particle sizes and zeta potential of PTX NCs as determined via DLS (*n* = 3).Table 1Table 1Particle size (nm)PDI[a](#tb1fn1){ref-type="table-fn"}Zeta potential (mV)0% B-TPP/PTX NCs187.6 ± 1.2100.216 ± 0.017−6.80 ± 0.1430% B-TPP/PTX NCs199.8 ± 2.8160.211 ± 0.00620.17 ± 0.0450% B-TPP/PTX NCs176.1 ± 11.670.159 ± 0.00227.33 ± 0.04[^1]Fig. 2The TEM images of 0% B-TPP/PTX NCs, 30%B-TPP/PTX NCs and 50% B-TPP/PTX NCs. Scale bars = 500 nm.Fig 2

3.3. In vitro releasing behavior {#sec0018}
--------------------------------

[Fig. 3](#fig0004){ref-type="fig"} illustrates the releasing behavior of free PTX and PTX NCs. It was shown that ∼85% of PTX released from PTX solution within 36 h in varied pH medium, whereas the PTX NCs demonstrated sustained release profiles with zero-order kinetics. Specially, 0%B-TPP/PTX NCs resulted in 56.9% ± 1.6% released at pH 5.0, 49.1% ± 3.5% released at pH 6.5 and 39.7% ± 1.9% released at pH 7.4 in 36 h, indicating acidic condition favored the release of PTX from NCs. While compared with 0%B-TPP/PTX NCs, TPP^+^-modified PTX NCs promoted the release of PTX as the evidence of ∼10% increased cumulative release observed in the corresponding medium.Fig. 3Release kinetics of 0%B-TPP/PTC NCs, 50% B-TPP/PTC NCs and free PTX (PTX-Sol) in the (A) PBS at pH 5.0, (B) PBS at pH 6.5 and (C) PBS at pH 7.4.Fig 3

3.4. Mitochondrial co-localization {#sec0019}
----------------------------------

Before the co-localization evaluation, free coumarin-6 at the equivalent labeled amount was first incubated with cells. No intracellular fluorescence signal was observed, indicating no interference in the obtained images (Fig. S1). To assess the targeted ability of the TPP^+^-modified PTX NCs, we used a commercial dye, Mitotracker Red, to stain the mitochondria in MCF-7 or MCF-7/ADR cells for the evaluation. [Fig. 4](#fig0005){ref-type="fig"} shows the images of MCF-7 cells incubated with the tested formulations at varying TPP^+^ densities. In the merged images, the significant yellow overlay between TPP^+^-modified NCs (green fluorescence) and Mitotracker Red (red fluorescence) was found in the TPP^+^-modified formulations. The Person\'s correlation coefficient (*R*) was then calculated to quantitatively compare the mitochondria-targeted ability after 4 h of incubation. The *R* values of mitochondria with PTX NCs at 30% and 50% TPP^+^-modified density were 0.594 and 0.545, respectively, which were much higher than that from the system composed of the unmodified group (*R *\< 0.1). For PTX-resistant cells, TPP^+^-modified PTX NCs also demonstrated mitochondrial targeting ability. As shown in [Fig. 5](#fig0006){ref-type="fig"}, *R* values of 30%B-TPP/PTX NCs and 50%B-TPP/PTX NCs were 0.866 and 0.833 after incubated for 12 h whereas that of 0%B-TPP/PTX NCs was 0.681. These results confirmed that modification with TPP^+^ on the surface of PTX NCs possessed the capacity of mitochondrial specific distribution.Fig. 4Time-dependent cellular uptake and co-localization of coumarin-6-labeled PTX NCs on MCF-7 cells. MCF-7 cells were treated with mitochondria-targeted or non-targeted PTX NCs for 1 h and 4 h, respectively. Yellow spots in the merged picture denoted the co-localization of the PTX NCs (labeled with coumarin-6, green fluorescence) with mitochondrial compartments (stained with Mitotracker Red, red fluorescence). Scale bar = 10 µm.Fig 4Fig. 5Co-localization of coumarin-6-labeled PTX NCs on MCF-7/ADR cells. Cells were treated with mitochondria-targeted or non-targeted PTX NCs for 12 h, respectively. Yellow spots in the merged picture denoted the co-localization of the PTX NCs (labeled with coumarin-6, green fluorescence) with mitochondrial compartments (stained with Mitotracker Red, red fluorescence). Scale bars = 15 µm.Fig 5

Normally, TPP^+^ and other TPP^+^ derivatives are currently being developed to be used as mitochondria-targeted agents, exhibiting selectively targeting cancer cells due to the specific features of tumor mitochondria different from those of other cellular compartments and normal mitochondria. Notably, a stronger negative MMP of −150 to −180 mV is observed in carcinoma cells to fit with highly up-regulated ATP synthesis, making TPP-based cations preferentially accumulated in mitochondria [@bib0026]. Several studies have utilized the TPP^+^moiety to modify nanoparticles for the mitochondrial delivery of PTX. For example, PTX loaded TPP^+^-modified liposomes exhibited higher efficiency in cytotoxic effects against Hela cells *in vitro* as well as tumor growth inhibitory activity against breast cancer xenografts in mice *in vivo* [@bib0027].

In addition, after incubation with various PTX NCs for 1 h, intracellular TPP^+^-modified PTX NCs demonstrated diffuse as well as punctuate fluorescence, but only punctuate fluorescence was observed for unmodified PTX NCs. Furthermore, the number of punctuate dots in MCF-7 cells decreased after treating with TPP^+^-modified PTX NCs for 4 h. Specifically, punctuate fluorescence was regarded as an indication of endosomal localization, implying an endocytosis-mediated uptake mechanism. As previous reports suggested, positively charged nanoparticles were predominantly internalized through clathrin-mediated endocytosis [@bib0028], [@bib0029]. Moreover, the escape of preparations from the endosome and lysosome is one of the crucial steps in delivering drugs into subcellular organelle. For mitochondria-targeted delivery, TPP^+^-modified drug delivery system has widely displayed its capacity of endosomal and lysosomal escape [@bib0015], [@bib0030], [@bib0031], [@bib0032]. The buffering capacity of positively charged PEG, known as "proton sponges", probably accounts for the efficient endosomal escape of targeted preparations [@bib0033], [@bib0034].

3.5. The cytotoxicity of non-targeted and targeted PTX NCs on MCF-7 cells {#sec0020}
-------------------------------------------------------------------------

The cytotoxicity of free PTX and various PTX NCs on MCF-7 cells was investigated by MTT assay ([Fig. 6](#fig0007){ref-type="fig"}A). We concluded that both PTX NCs and free PTX inhibited the proliferation of MCF-7 cells in a concentration-dependent manner. As shown in [Fig. 6](#fig0007){ref-type="fig"}A, MCF-7 cells demonstrated superior sensitivity against the PTX NCs over that of the free drug. Specially, the targeted PTX NCs exhibited higher inhibitory effects than did the non-targeted PTX NCs, except for the group treated with 0.025 µg/ml PTX NCs. Furthermore, no distinguishing inhibitory effects were observed between 30%B-TPP/PTX NCs and 50%B-TPP/PTX NCs at the investigated range of drugs but 0.01 µg/ml of PTX. To clarify the inhibitory effects of designed formulations, we also evaluated the cytotoxicity of blank stabilizer (Brij 98 or the mixture of Brij 98 and B-TPP) in the MCF-7 cells (Fig. S2). The results demonstrated that all the stabilizers exhibited much lower cytotoxicity than that of NCs at the corresponding concentration, excluding their potential inhibitory effects.Fig. 6Cell viability of (A) MCF-7 cells treated with 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs, 50%B-TPP/PTX NCs and free PTX. Cell viability was assessed by MTT assay upon 24 h of incubation after being treated with various concentrations of non-targeted, targeted PTX NCs or free PTX for 4 h. (B) Mitochondrial membrane potential of MCF-7 cells treated with 0.05 µg/ml free PTX, 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs and 50% B-TPP/PTX NCs, respectively. MCF-7 cells were treated with 20 µM FCCP as the positive control. (*n* = 3).Fig 6

Previous reports suggested that PTX could inhibit the proliferation of cancer cells via the mitochondrial pathway [@bib0035], [@bib0036], [@bib0037]. Here, we evaluated the mitochondrial membrane potential (MMP) of MCF-7 cells since MMP is regarded as an early signal of mitochondria-triggered apoptosis. TMRE was used as indicator of MMP and the method was validated by FCCP, an uncoupler to dissipate MMP. After treating MCF-7 cells with PTX containing formulations, we demonstrated that the MMP significantly decreased compared to that of the mock-treated group ([Fig. 6](#fig0007){ref-type="fig"}B). Meanwhile, the highest inhibition of MMP was observed in the treatment with 30%B-TPP/PTX (28.1% ± 9.2% of the mock treated group), followed by 50%B-TPP/PTX NCs (20.1% ± 6.6%), 0% B-TPP/PTX NCs (17.2% ± 1.5%) and free PTX (10.5% ± 1.8%).

3.6. The cytotoxicity of non-targeted and targeted PTX NCs on MCF-7/ADR cells {#sec0021}
-----------------------------------------------------------------------------

To investigate the therapeutic potential against MCF/ADR cells, the cytotoxicity of 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs, 50%B-TPP/PTX NCs and free PTX were assessed. As presented in [Fig. 7](#fig0008){ref-type="fig"}A, free PTX barely inhibited the proliferation of MCF-7/ADR cells even when 5 µg/ml free PTX was used. This lack of inhibition might be because PTX was pumped out via the overexpression of the efflux protein on the cell membrane leading to intracellular drug concentration less than the threshold value of cell lethal dose [@bib0038]. In contrast, MCF-7/ADR cells showed dose-dependent sensitivities against the designed formulations. Among all the tested PTX NCs, 50%B-TPP/PTX NCs showed the highest inhibitory effect, provided that the concentration of PTX exceeded 1 µg/ml. Notably, the mortality rate of MCF-7/ADR cells was 73.5% ± 3.7% upon 50%B-TPP/PTX NCs at the dose of 5 µg/ml PTX, which was significantly higher than 0%B-TPP/PTX NCs (52.0% ± 8.2%) and 30%B-TPP/PTX NCs (57.5% ± 11.8%). To clarify the possible reason for the discrepant therapeutic potential, the anti-proliferative effect of the blank stabilizer on MCF-7/ADR cells was further assessed. It clearly proved that the toxicity of 0%B-TPP/PTX NCs was no significant difference compared to that of the unloaded NCs ([Fig. 7](#fig0008){ref-type="fig"}B). Conversely, 50%B-TPP/PTX NCs showed more potent toxicity than that of the blank stabilizer, indicating the crucial effect of mitochondrial accumulation PTX against the resistant cell line. Meanwhile, the cytotoxicity of the tested formulations exhibited a TPP^+^ density-dependent effect, which was quite different in the non-resistant cells. For comparison, we also evaluated the MMP of MCF-7/ADR cells after various treatments and the results are shown in [Fig. 7](#fig0008){ref-type="fig"}C and D. Compared to that of free PTX (100.7% ± 5.1% of the mock treated group) and non-targeted PTX loaded NCs (40.7% ± 3.2%), more significant decreases in MMP can be observed in the group of targeted NCs (23.2% ± 1.6% for the 50%B-TPP/PTX NCs treated group and 32.5% ± 5.2% for 30%B-TPP/PTX NCs treated group). The dissipation of MMP could indicate the alteration of dysfunctional mitochondria caused by the mitochondria-targeted delivery of PTX. After treating with various blank stabilizers, different levels of decrease in MMP of MCF-7/ADR cells were also observed. Compared with 0%B-TPP Blank (70.9% ± 4.9%), targeted stabilizers (52.7% ± 1.9% for the 30%B-TPP Blank group and 48.3% ± 1.3% for 50%B-TPP Blank group) demonstrated more significant effect on mitochondrial damage. The mitochondrial uncoupling effect of TPP^+^ was deemed to account for the results.Fig. 7Cell viability of (A) MCF-7/ADR cells treated with 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs, 50%B-TPP/PTX NCs and free PTX. Cell viability was assessed by MTT assay upon 24 h of incubation after being treated with various concentrations of non-targeted, targeted PTX NCs or free PTX for 4 h (B) Cell viability of MCF-7/ADR cells treated with various concentrations of free PTX, 0%B-TPP/PTX NCs, 50%B-TPP/PTX NCs and corresponding blank stabilizers. The concentration denotes the mass concentration of PTX in the culture media. Mitochondrial membrane potential of MCF-7/ADR cells treated with (C) various formulations containing PTX and (D) corresponding blank stabilizers. MCF-7/ADR cells were treated with 20 µM FCCP as the positive control (*n* = 3).Fig 7

The present study aimed to evaluate the synergistic effect of novel drug delivery system in overcoming MDR of PTX. As demonstrated in [Figs. 6](#fig0007){ref-type="fig"} and [7](#fig0008){ref-type="fig"}, non-targeted loaded PTX NCs showed improved inhibition of proliferation in both of MCF cells and MCF/ADR cells compares to that of free drug, which was consistent with the previous reports. Here, we identified Brij 98 as the lethal source of non-targeted NCs against MCF/ADR cells, as the evidence of no significant difference in cytotoxicity observed between the blank stabilizer and non-targeted PTX NCs ([Fig. 7](#fig0008){ref-type="fig"}B). Conversely, the enhanced cytotoxicity of targeted PTX NCs against MCF/ADR cells was in a special manner ([Fig. 7](#fig0008){ref-type="fig"}B), which differed significantly from the mitochondria-targeted blank stabilizer. It indicated that the mitochondrial delivery of PTX might mainly account for their therapeutic sensitivity to those cells. Mitochondria were identified as the primary targets of TPP^+^-modified formulations, being converted to pro-death organelles through inhibition of mitochondrial respiration and ATP synthesis. More pronounced downstream MMP and mitochondrial apoptotic cell death were activated by the treatment with TPP^+^-modified PTX NCs, attributing to its superior sensitivity in MCF/ADR cells.

In addition, TPP^+^ moiety using for mitochondrial drug delivery was found to demonstrate specific cytotoxicity. For example, an approach using TPP^+^-modified liposomes for PTX was developed to mitochondrial drug delivery and was reported to result in enhanced cytotoxicity in a PTX-resistant cell line. However, the enhanced cytotoxicity was revealed to be partly resulting from the specific toxicity of STPP toward the resistant cell line [@bib0018]. Several derivatives of alkyl-TPP^+^ were reported to selectively inhibit the proliferation of cancer cells due to their effect as potential uncouplers, which were proposed to dissipate MMP and then decrease ATP production [@bib0039], [@bib0040]. These effects on mitochondrial function were known to correlate with the increasing hydrophobicity of TPP^+^ derivatives with increasing alkyl chain length. Several attempts were made to covalently conjugate PEG to the TPP^+^ moiety in order to decrease the related toxicity from formulations. For example, Bielski et al. observed decreased toxicity of the TPP^+^-modified poly-(amidoamine) (PAMAM) with PEG as a linker between the dendrimer and TPP^+^, while the mitochondrial targeting ability of the nanocarriers was not affected [@bib0041]. In the present study, TPP^+^ was utilized to conjugate Brij 98, a non-ionic surfactant with a PEG motif, resulting in efficient mitochondrial delivery ([Figs. 4](#fig0005){ref-type="fig"} and [5](#fig0006){ref-type="fig"}) and decreased the toxicity stemming from TPP^+^ ([Fig. 7](#fig0008){ref-type="fig"}).

3.7. Penetration and growth inhibition evaluation in 3D MCs {#sec0022}
-----------------------------------------------------------

The tumor penetration efficiency of the tested formulations was analyzed using confocal microscopy by assessing the fluorescence at different focal planes in the spheroid (Z slices) represented in [Fig. 8](#fig0009){ref-type="fig"}. As depicted in [Fig. 8](#fig0009){ref-type="fig"}, the depth of green fluorescence from the periphery to the inner in MCs were ∼110 and ∼140 µm after the treatment with the 30%B-TPP/PTX NCs and 50%B-TPP/PTX NCs for 2 h, respectively, while only ∼80 µm was observed in the treatment of the 0%B-TPP/PTX NCs. The result indicated the superior ability of targeted NCs to penetrate deeper tumor mass when compared to that of non-targeted NCs.Fig. 8Representative Z-stack images of MCs after treatment with equivalent coumarin-6 labeled (A) 0%B-TPP/PTX NCs, (B) 30%B-TPP/PTX NCs and (C) 50%B-TPP/PTX NCs, respectively, for 2 h were obtained from starting at the top of the spheroid in 20 µm intervals. Scale bars = 200 µm.Fig 8

To further investigate the anti-tumor effect, we cultured MCF-7 MCs and MCF-7/ADR MCs with medium containing free PTX, 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs or 50%B-TPP/PTX NCs at the equivalent dose (1 µg/ml for MCF-7 MCs and 5 µg/ml for MCF-7/ADR MCs) for 5 d, with mock-treated MCs used as control. The spheroids were observed every other day for change in morphology. Images were captured using an inverted microscope to further determine the diameter of the MCs. As shown in [Fig. 9](#fig0010){ref-type="fig"}A, untreated MCF-7/ADR MCs grew up obviously with a significant increase in the spheroidal diameter (∼532.7 ± 32.7 µm and ∼633.1 ± 17.8 µm on day 0 and day 5, respectively) ([Fig. 9](#fig0010){ref-type="fig"}B). In the contrast, more significant inhibition effect in spheroidal diameters and morphology of MCF-7/ADR MCs were observed in PTX NCs treated groups with incubation time going. As can be seen in [Fig. 9](#fig0010){ref-type="fig"}B, 50%B-TPP/PTX treated spheroids showed suppressed growth as indicated by the reduced spheroidal diameter of ∼416.0 ± 30.1 µm on day 5 compared to the diameter on day 0 (∼502.1 ± 36.7 µm). As for free PTX treated MCs, a slight inhibitory effect was observed after 5-day culture, with the diameter of MCs changing from ∼533.8 ± 2.8 µm to ∼580.1 ± 24.9 µm. Moreover, 0%B-TPP/PTX NCs had a significant spheroidal growth inhibitory effect (spheroidal diameter of ∼516.8 ± 5.7 µm on day 0 and ∼439.9 ± 2.3 µm on day 5). However, a reduction in spheroidal size was evident following 50%B-TPP/PTX treatment. Various formulations treated MCF-7 MCs demonstrated similar growth inhibition effect (Fig. S3). Targeted PTX NCs exhibited more potent suppression of MCs growth compared to non-targeted PTX NCs and free PTX.Fig. 9(A) Morphology of MCF-7/ADR MCs treated with targeted, non-targeted PTX NCs and free PTX at the equal dose of 0.5 µg/ml, Scale bars = 500 µm. (B) Growth tendency of MCF-7/ADR MCs after co-incubated with free PTX, 0%B-TPP/PTX NCs, 30%B-TPP/PTX NCs or 50%B-TPP/PTX NCs for 5 d, respectively. Medium treated MCs were used as control. Relative diameter of MCF-7/ADR MCs (%) was calculated according to the ratio of intraday diameter of MCs and its initial diameter (0 d).Fig 9

The study revealed that the targeted NCs resulted in the deeper distribution of MCs compared with non-targeted formulation. When an equal quantity of PTX was administered to MCF-7/ADR or MCF-7 MCs via the targeted and non-targeted NCs, a mild enhanced inhibition was observed for the targeted NCs treatment. The introduction of mitochondria-targeted moiety could account for the enhancement in MDR reversal behavior. Considering the stability issue of the designed NCs upon heavily dilution by systemic administration, intra-tumoral injection was thought to rational for the superior efficacy. The sustained releasing behavior, endocytosis-mediated rapid uptake and deeper distribution of targeted NCs could ensure that maximum of PTX co-localize into mitochondria. In future studies, the detailed *in vivo* evaluation of these formulations in experimental tumor-bearing animals must be carried out.

4. Conclusion {#sec0023}
=============

In the present study, a mitochondria-targeted B-TPP was synthesized and modified onto PTX NCs to overcome drug-resistant cancer. The B-TPP modified PTX NCs exhibited preferential accumulation in mitochondria and thus enhanced the cytotoxic effect in PTX-sensitive and PTX-insensitive MCF-7 cell lines. The mechanism in their improved cytotoxicity stemmed from the cell apoptosis via mitochondrial path with dissipated MMP as early indicators. Using MCF-7 MCs mimicking solid tumors *in vitro*, the TPP^+^-modified PTX NCs demonstrated deeper penetration and more potent growth inhibition than did non-targeted PTX NCs. Our work identified TPP^+^-modified NCs as a new strategy for overcoming MDR via high drug loading of PTX with mitochondrial delivery to specifically induce mitochondrial apoptosis. Subsequently, *in vivo* experiments will be required to evaluate the potential clinical application.
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[^1]: PDI, polydispersity index.
